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ABSTRACT
Pitting corrosion is one of the most destructive types of metal loss. This 
paper presents the mathematical model of the propagation of pitting 
corrosion using a commercial finite element program. In view of the 
chemical and electrochemical reactions inside a single pit in steel, a two 
dimensional model that allows the prediction of pit evolution is developed. 
The results are discussed in comparison to Pourbaix diagram of iron and 
also discussed in the light of results obtained from published work reported 
in literature.
KEYWORDS: Pitting corrosion, model, steel, simulation.  
1.0 inTrodUcTion
Pitting is one of many types of highly localized corrosion where small 
holes or cavities are formed on a metal surface but the bulk of the 
surface remains unattacked. A pit can be difficult to detect given that it 
has a tendency to undercut the metal surface and is usually covered by 
corrosion product. Pitting can be very destructive due to the fact that pits 
can cause perforation to the metal. Pits can occur in isolated locations 
or be so concentrated that it looks like uniform attack (Fontana 1987; 
Shreir 2000; Shreir 2000; Perez 2004; Ahmad 2006). Besides aqueous 
solution, studies have found that pitting is induced by the presence of 
halides, such as chlorides or bromides (Cui 2001). It is also found that 
pitting often occurs in situations where general corrosion is prevented 
by passive oxide film formed on the surface of metal (Cheng 2000). 
The oxide film can break down and is able to self-repair. However, 
sites that are not able to repair itself are liable for localized corrosion to 
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happen. With the presence of halides, rigorous corrosion occurs and it 
is established that the pH inside a pit drops to a value way below that 
of the bulk solution. It is also  established that there are three stages 
of pitting (Burstein 1993; Laycock 2001; Perez 2004; Ahmad 2006): (i.) 
initiation of pits, (ii) formation of metastable pits and (iii) stable pitting. 
Even though there is a great body of literature on pitting corrosion of 
iron, the propagation of pitting is not fully understood. The present 
paper describes a modelling approach to illustrate stage (iii), which is 
the evolution of a single, stable pit in steel after the initiation stage. The 
initial objective of this study is to look at the corrosion activities inside 
a pit at different potentials and pH values. To do this, a commercial 
program, COMSOL Multiphysics, is used as a tool and the results are 
discussed in relation to Pourbaix diagram of iron. 
2.0 MeThodologY
In particular, this model is developed for the evolution of single 
corrosion pit in carbon steel material in aqueous sodium chloride 
solution. According to Sharland (Sharland 1989), six aqueous chemical 
species are necessary to construct a basic corrosion model of iron : Fe2+, 
H+, OH-, Cl-, Na+ and FeOH+. Pickering (Pickering 1984) and Al-Khamis 
and Pickering (Al-Khamis 2001) have reported experimental evidence 
of hydrogen gas, H2, formation inside propagating pits. This is also 
included in the model of crevice corrosion done by Vuillemin et.al. 
(Vuillemin 2007). Due to the fact that the model is to be discussed in 
comparison to Pourbaix diagram of iron (as shown in Figure 1), more 
ionic species are included, namely Fe3+, FeO2- and HFeO2-. The model 
applies the chemical reactions as stated below (Turnbull 1982; Sharland 
1988; Sharland 1988):
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In the case of active walls, the metal dissolution (anodic) process is 
given by (Sharland 1988):
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This model allows the occurrence of gaseous hydrogen formation 
through the simultaneous occurrence of proton reduction (cathodic) 
process, which is given by:
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As mentioned earlier, the model studies a system in sodium chloride 
solution. However, sodium ions, Na+, are not involved in the corrosion 
reaction, but are involved in maintaining the electroneutrality across 
the mouth of pit.  
2
I
m
c
a
r
i
c
I
T
o
A
i
e
.0 MET
n particular
aterial in a
hemical spe
nd FeOH+.
eported exp
ncluded in 
fact that the 
1), more io
hemical rea
+ + OHFe 22
+→ HOH2
n the case o
+ +→ FeFe 2
his model
ccurrence o
H →+ −+ e
s mentione
ons, Na+,
lectroneutr
→NaCl(aq)
HODOLO
, this mode
queous sod
cies are nec
 Pickering 
erimental ev
the model o
model is to 
nic species
ctions as sta
+ +→ FeOH
−+ OH
f active wal
−e2            
 allows the
f proton red
2H2
1            
d earlier, th
are not inv
ality across t
−+ + ClNa
GY 
l is develo
ium chlorid
essary to co
(Pickering 
idence of h
f crevice co
be discussed
 are includ
ted below (
+H             
                    
ls, the metal
                   
 occurrenc
uction (cath
                  
e model st
olved in t
he mouth o
                   
Fig
ped for the
e solution. A
nstruct a ba
1984) and 
ydrogen ga
rrosion don
 in compari
ed, namely 
Turnbull 19
 dissolution
e of gaseou
odic) proce
udies a syst
he corrosio
f pit.   
ure 1 Pourb
 evolution 
ccording to
sic corrosio
Al-Khamis 
s, H2, forma
e by Vuille
son to Pourb
Fe3+, FeO2
82; Sharland
 (anodic) pr
s hydrogen
ss, which is 
em in sodiu
n reaction, 
aix diagram
of single co
 Sharland (
n model of i
and Pickeri
tion inside p
min et al. (V
aix diagram
- and HFeO
 1988; Shar
ocess is give
 formation
given by: 
m chloride
but are in
 of iron 
rrosion pit
Sharland 19
ron : Fe2+, H
ng (Al-Kha
ropagating 
uillemin 2
 of iron (as
2
-. The mo
land 1988):
n by (Sharla
 through th
 solution. H
volved in 
 in carbon 
89), six aqu
+, OH-, Cl-
mis 2001)
pits. This is
007). Due to
 shown in Fi
del applies
nd 1988): 
e simultan
owever, sod
maintaining
steel 
eous
, Na+
have
 also 
 the 
gure 
 the 
(1) 
(2) 
(3) 
eous 
(4)
ium 
 the 
(5) 
                                   (5)
2
I
m
c
a
r
i
c
I
T
o
A
i
e
.0 MET
n particular
aterial in a
hemical spe
nd FeOH+.
eported exp
nclud d in 
fact that the 
1), more io
hemical rea
+ + OHFe 22
+→ HOH2
n the case o
+ +→ FeFe 2
his model
ccurrence o
H →+ −+ e
s mentione
ons, Na+,
lectroneutr
→NaCl(aq)
ODOLO
, this mode
qu ous sod
cies are nec
 Pickeri g 
erimental ev
the model o
model is to 
nic species
ctions as sta
+ +→ FeOH
−+ OH
f active wal
−e2            
 allows the
f proton red
2H2
1            
d earlier, th
are not inv
ality across t
−+ + ClNa
GY 
l is develo
ium chlorid
essary to co
(Pickering 
idence of h
f crevice co
be discussed
 are includ
ted below (
+H             
                    
ls, the metal
                   
 occurrenc
uction (cath
                   
e model st
olved in t
he mouth o
                   
Fig
ped for the
e solution. A
nstruct a ba
1984) a d 
ydrogen ga
rrosion don
 in compari
ed, namely 
Turnbull 19
 diss lution
e of gaseou
odic) proce
udies a syst
he corrosio
f pit.   
ure 1 Pourb
 evolution 
ccordi g to
sic corrosio
Al-Khamis 
s, H2, forma
e by Vuille
son to Pourb
Fe3+, FeO2
82; Sharland
 (anodic) pr
s hydrogen
ss, which is 
em in sodiu
n reaction, 
aix diagram
of single co
 Sharlan  (
n model of i
and Pickeri
tion inside p
min et al. (V
aix diagram
- and HFeO
 1988; Shar
ocess is give
 formation
given by: 
m chloride
but are in
 of iron 
rrosion pit
Sh rland 19
ron : Fe2+, H
ng (Al-Kha
ropagating 
uillemin 2
 of iron (as
2
-. The mo
land 1988):
n by (Sharla
 through th
 solution. H
volved in 
 in carbon 
89), ix aqu
+, OH-, Cl-
mis 2001)
pits. This is
007). Due to
 shown in Fi
del applies
nd 1988): 
e simultan
owever, sod
maintaining
st el 
eous
, Na+
have
 also 
 the 
gure 
 the 
(1) 
(2) 
(3) 
eous 
(4) 
ium 
 the 
(5) 
Figure 1 Pourbaix diagram of iron
The reason for adding FeCl+ is to accurately model situations in which 
the bulk chloride concentration is large and ion pairing is likely to be 
significant. Furthermore, FeCl+ is a stable species in standard conditions. 
The chemical reaction is taken as (Sharland 1988; Cottis 2004):
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where -21101 mA107.2 ×=i , -1702 molmA102×=i , 11 =a  and 5.02 =a (Vuillemin 2007).  
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where -21101 mA107.2 ×=i , -1702 molmA102×=i , 11 =a  and 5.02 =a (Vuillemin 2007).  
The chemical reactions mentioned above apply the equilibrium constants at 25oC obtained from the 
HSC Chemistry program. It is a chemical reaction and equilibrium software with extensive 
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pit at different potentials and pH values. For the decrease in pH, the model examines the pH 
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where -21101 mA107.2 ×=i , -1702 molmA102×=i , 11 =a  and 5.02 =a (Vuillemin 2007).  
The chemical reactions mentioned above apply the equilibrium constants at 25oC obtained from the 
HSC Chemistry program. It is a chemical reaction and equilibrium software with extensive 
thermochemical databases.  
As mentioned earlier, the initial objective of this study is to look at the corrosion activities inside a 
pit at different potentials and pH values. For the decrease in pH, the model examines the pH 
(Vuille in 2007). 
The che l reactions mentioned above apply the equilibrium 
constants at 25oC obtained from the HSC Chemistry program. It 
is a chemical reaction and equilibrium software with extensive 
thermochemical databases. 
As mentioned earlier, the initial objective of this study is to look 
at the corrosion activities inside a pit at different potentials and pH 
values. For the decrease in pH, the model examines the pH changes by 
incorporating the equation below and as a result, the model observes 
this decrease in pH:
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changes by incorporating the equation below and as a result, the model observes this decrease in 
pH: 
[ ]( )+×−= Habs001.0logpH 10                             (13) 
The term inside the bracket is multiplied by 0.001 because of unit conversion from litre to cubic 
meter.  
Figure 2 Geometry representing a single pit with a curved bottom 
Working with COMSOL Multiphysics requires the specification of initial geometry. To represent a 
pit, the geometry chosen is as shown in Figure 2. Region 1 and 3 represent the passive walls, region 
2 represent the mouth of the pit and regions 4 and 5 are the active bottom of the pit where metal 
dissolution is expected to be observed. The model applies the neutral environment of pH 7 and 
takes the initial chloride concentration to be 1000 mol per cubic meter. It is solved using the Nernst-
Planck resolution for the range of potential between -1.5 and 1 volt. 
3.0 RESULTS AND DISCUSSION 
Corrosion rates of a metal can be measured by applying a current (the movement of electrical 
charges carried by electrons) to produce a polarization curve. The polarization curve is the degree of 
potential change as a function of the amount of current applied. The degree of polarization is a 
measure of how the rates of the anodic and the cathodic reactions are affected by various 
environmental conditions. Figure 3 shows that, the corrosion potential is about -0.85 volt. As 
potential increases, the current density, log i, increases and this indicates active dissolution of metal.  
Further down the pit, the pH is expected to be lower than the pH at the mouth. The higher the 
concentration of H+, the lower the pH is going to be. Figure 4 shows that as the potential increases, 
hydrogen ions gradually accumulate at the bottom of the pit. This is shown in the experiment done 
by Lee et al. (Lee 1981). The increase in hydrogen ion concentration from almost non-existent 
(concentration 4101 −×  mol m-3) to 0.0218 mol m-3 will result in pH change. This agrees with the 
model which is shown in Figure 5 where the pH inside the pit drops to 4.7. 
Mouth of pit 
Bottom of pit
1
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conversion from litre to cubic meter. 
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Working with COMSOL Multiphysics requires the specification of
initial geometry. To represent a pit, the geometry chosen is as shown in 
Figure 2. R gion 1 and 3 r present the as iv  walls, regi n 2 represent 
the mouth f the pit and regions 4 and 5 are th  active bottom of the 
pit where metal dissolution is expected to be observed. The model 
applies the neutral environment of pH 7 and takes the initial chloride 
concentration to be 1000 mol per cubic meter. It is solved using the 
Ne nst-Planck r solution for the range f potential between -1.5 and 1 
volt.
3.0 resUlTs And discUssion
C rrosion rates of a metal can be measured by applying a curre t 
(the movement of electrical charges carried by electrons) to produce 
a polarization curve. The polarization curve is the degree of otential 
change as a function of the amount of current applied. The degree of 
polarization is a measure of how the rates of the anodic and the cathodic 
reactions are affected by various environmental conditions. Figure 
3 shows that, the corrosion potential is about -0.85 volt. As potential 
increases, the current density, log i, increases and this indicates active 
dissolution of metal. 
Further down the pit, the pH is expected to be lower than the pH at 
the mouth. The higher the concentration of H+, the lower the pH is 
going to be. Figure 4 shows that as the potential increases, hydrogen 
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ions gradually accumulate at the bottom of the pit. This is shown in the 
experiment done by Lee et.al. (Lee 1981). The increase in hydrogen ion 
concentration from almost non-existent (concentration 4101 −×    mol m-3) 
to 0.0218 mol m-3 will result in pH change. This agrees with the model 
which is shown in Figure 5 where the pH inside the pit drops to 4.7.
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Figure 4 Graphs (i)-(iii) show the distribution of H+ inside the pit. (i) Concentration of H+ at -0.7 
volt (cathodic). (ii) Concentration of H+ at 0 volt (anodic) (iii) Concentration of H+ at 0.5 volt 
Figure 5 Graph shows difference in pH at three points along the pit 
pH change still occurs at the point where the active region meets the passive region. However, the 
pH is shown to be slightly higher compared to the pH further down the pit. It can also be seen from 
the graph that at very low potential (around -1.5 volt), the condition inside the pit is very alkaline 
compared to the condition at the mouth. Relating Figure 3 and 5, the metal is seen to act as cathode 
at potential less than -0.85 volt. This is the corrosion potential, Ecorr. At potential higher than -0.85 
volt, increase in current density occurs at the region where the metal acts as cathode, as indicated by 
the region at the bottom of the pit.  Since the increase in current density indicates corrosion 
activities, the pH of the purported region is expected to decrease. Sato (Sato 1995) stated that the 
4.7
(iii)
Figure 4 Graph  (i)-(iii) show the distribution of H+ i side the pit. (i) 
Concentration f H+ at -0.7 volt (cathodic). (ii) Co ce tration of H+ at 0 
volt (anodic) (iii) Concentration of H+ at 0.5 volt
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Figure 5 G aph shows differe  in pH at three poi ts along the pit
pH c ange still occurs at the point where the active region meets 
the passive egion. However, the pH is shown to be slightl  high r 
compared to the pH further down the pit. It can also be seen from the 
graph that at very low potential (around -1.5 volt), the co dition in ide 
th  pit is v ry alkaline compar d to th  conditio at the mou h. Relati g 
Figure 3 and 5, the metal is seen to act as cathode at potential less than 
-0.85 volt. This is the corrosion potential, Ecorr. At potential higher 
than -0.85 volt, increase in current density occurs at the region where 
the metal acts as cathode, as indicated by the region at the bottom of the 
pit.  Since the increase in current density indicates corrosion activities, 
the pH of the purported region is expected to decrease. Sato (Sato 1995) 
stated that the pH in the pit is the major factor that determines the 
evolution (passivation or propagation) of an active pit. This is shown 
true by the model.
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It can also be seen that as the potential increases, the slope of the 
current density starts to decrease starting from around -0.3 volt. This 
is the result of the changes in concentrations of ionic species inside 
the pit. It is interesting to see how one ionic concentration effects or 
relates to the concentration of another ionic species. Figure 6 illustrates 
the profiles of species concentration and shows the possible reaction 
occurring at different potentials. It is remarkable to see that more 
corrosion activities occur once water dissociates through the process 
of reduction. Water dissociates at potential -0.65 volt. This is explained 
later in this paragraph using the Pourbaix diagram in Figure 7. When 
this happens, the environment now has hydrogen and hydroxyl ions. 
The existence of hydrogen ions inside the pit attracts the chloride ions, 
Cl-, into the pit and thus, creating an acidic environment. This reaction 
causes the pH value to decrease (Sato 1995). When metal is placed in 
an acidic solution, a vigorous reaction occurs. Immediately, metal ion, 
Fe2+, is oxidized and simultaneously, reduction of hydrogen ions occurs. 
This is a rapid process and the hydrogen gas is expected to be seen at 
this stage, as shown in the experiment done by Pickering (Pickering 
1984) and Al-Khamis and Pickering (Al-Khamis 2001). This is indicated 
in the figure below, which shows a sudden ‘jump’ in the ‘concentration’ 
of hydrogen gas. Meanwhile, the OH- concentration is seen to decrease 
after -0.65 volt. This is in line with the theory of equilibrium constant 
of water.
7
pH in the pit is the major f ctor that determines the evolution (passivation or propagation) of an 
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concentration of another ionic species. Figure 6 illustrates the profiles of species concentration and 
shows the possible reaction occurring at different potentials. It is re arkable to see that more 
corrosion activities occur once water dissociates through the process of reduction. Water dissociates 
at potential -0.65 volt. This is explained later in this paragraph using the Pourbaix diagram in 
Figure 7. When this happens, the environment now has hydrogen and hydroxyl ions. The existence 
of hydrogen ions inside the pit attracts the chloride ions, Cl-, into the pit and thus, creating an acidic 
environment. This reaction causes the pH value to decrease (Sato 1995). When metal is placed in an 
acidic solution, a vigorous reaction occurs. Immediately, metal ion, Fe2+, is oxidized and 
simultaneously, reduction of hydrogen ions occurs. This is a rapid process and the hydrogen gas is 
expected to be seen t this stage, as shown in the experiment done by Pickering (Pickering 1984) 
and Al-Khamis and Pickering (Al-Khamis 2001). This is indicated in the figure below, which shows 
a sudden ‘jump’ in the ‘concentration’ of hydrogen gas. Meanwhile, the OH- concentration is seen 
to decrease after -0.65 volt. This is in line with the theory of equilibrium constant of water. 
Figure 6 Profiles of concentration of all species at the bottom of the pit 
The phenomenon can also be related to the Pourbaix diagram in Figure 7 shown below. At pH 7 and 
potential -0.65 volt, the system is crossing the Pourbaix line where the metal is crossing between 
two zones: zone ‘immunity’ into the zone ‘corrosion’. This indicates that Fe2+ is produced at these 
potential and pH condition. The presence of Fe2+ immediately triggers ionization of water and thus, 
this dissociation produces H+ and OH-. From the concentration profiles plot above, it can be seen 
that the amount of hydrogen gas starts to reduce almost immediately at potential about -0.3 volts.  
Figure 6 Profiles of con e tration f ll species at the bottom of the pit
The phenomenon can also be related to the Pourbaix diagram in Figure 
7 shown below. At pH 7 and potential -0.65 volt, he system is crossing 
the Pourbaix line where the metal is crossing between two zones: zone 
‘immunity’ into the zone ‘corrosion’. This indicates that Fe2+ is produced 
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at these potential and pH condition. The presence of Fe2+ immediately 
triggers ionization of water and thus, this dissociation produces H+ and 
OH-. From the concentration profiles plot above, it can be seen that 
the amount of hydrogen gas starts to reduce almost immediately at 
potential about -0.3 volts. 
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From Figure 8, it can be seen that when the potential is about -0.3 
volt and the pH of the system is about 5, the system is crossing line f, 
where water is thermodynamically stable rather than hydrogen gas. 
Below line f, water is reduced to hydrogen and hence, hydrogen is 
thermodynamically stable, just as indicated by the model.  
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As mentioned above, the slope of the current density starts to decrease 
starting from around -0.3 volts. Even though this happens, the current 
density still maintain at a high level which indicates that corrosion of 
metal still occurring. From Figure 9, the concentration of Fe2+ at the 
bottom of the pit is indicated to be slightly higher than that at the side 
of the pit where the active region meets the passive region. Metal ions, 
Fe2+, starts to accumulate gradually at the bottom of the pit. This is the 
region where the model is set to be active. Increasing concentration 
of Fe2+ at the bottom of the pit indicates that the metal dissolution is 
occurring continuously. From the figure also, it can be observed that 
Fe2+ starting to accumulate as we go higher up the pit. This agrees 
with the theory of diffusion where species move under the action of 
concentration gradient. This process involves species moving from 
high to low concentration until even concentration is achieved for all 
species. In this case, the concentration of Fe2+ has reached a limit where 
the metal ions diffuse to the area where the concentration of Fe2+ is 
lower which is the passive region higher up the pit. It is expected that 
Fe2+ will reach a point where it will diffuse out of the pit, as stated by 
Grimm and Landolt (Grimm 1994), and thus, promotes dissolution of 
metal, forming general corrosion to the metal surface. 
9
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(iii) 
(iv)
Figure 9 Figure (i)-(iv) show the stages with respect to potential, where accumulation of Fe2+
occurs at the bottom of the pit 
With the accumulation of Fe2+ inside the pit, this gives a positively charged environment inside the 
pit. This phenomenon attracts negatively charged anions into the pit through the process of 
migration. In this case, negatively charged chloride ions, Cl-, migrate into the pit and this is shown 
by the model in Figure 10. From the figure, it is observed that the concentration of Cl- is half the 
concentration of Fe2+ when comparing their concentration at each potential. This also agrees with 
the fact that Fe2+ has valence of 2 compared to Cl-, which has valence 1. With increasing 
concentration of Cl- inside the pit, this in turn gives a negatively charged environment inside the pit 
and thus, attracts the H+ ions through the dissociation of water in the bulk solution. Accumulation of 
H+ occurs inside the pit, as shown by Figure 11Error! Reference source not found..
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pit a d t is is show  by the model in Figure 10. From the figure, it 
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agrees with the fact that Fe2+ has valence of 2 compared to Cl-, which 
has valence 1. With increasing concentration of Cl- inside the pit, this 
in turn gives a negatively charged environment inside the pit and 
thus, attracts the H+ ions through the dissociation of water in the bulk 
solution. Accumulation of H+  occurs inside the pit, as shown by Figure 
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ISSN: 2180-1053        Vol. 4     No. 1    January-June 2012
Journal of Mechanical Engineering and Technology 
12
11 
Figure 10 Graph showing concentration of Cl- at three points along the pit 
Figure 11 Graph showing concentration of H+ at three points along the pit 
4.0 CONCLUSIONS 
The model is constructed as a first step to develop a model that can represent a propagating pit. It is 
suggested that salt film formation and passivity are considered in the next stage of modelling. 
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